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SUMMARY 

gL9ofl 
A wind-tunnel investigation of the la te ra l  aerodynamic characteristics was 

made a t  supersonic and hypersonic speeds of an approximate 1/125-scale m o d e l  of 
a conceptual multistage horizontal-take-off reusable launch vehicle. The model 
consisted of a winged reusable f i r s t  stage with a canard, a winged reusable 
second stage, and a winged third-stage reusable spacecraft with an expendable 
maneuver propulsion package. The two upper stages were arranged i n  tandem, and 
t h i s  conibination was placed paral le l  t o  the first-stage reusable booster. 
model was tested a t  Mach numbers of 3.0, 4.5, and 6.0, a t  angles of attack from 
about -bo t o  l9', and generally at angles of sideslip of 0' and 5'. The test 
Reynolds number per foot (per 30.5 cm) varied from approximately 1.0 X 10 6 t o  

The 

2.1 x 106. 

The complete f i r s t  stage had positive effective dihedral throughout the 
positive angle-of-attack range a t  a Mach nurnber of 3.0. 
caused a decrease i n  effective dihedral, and a t  a Mach number of 6.0 the com- 
plete f irst  stage exhibited positive effective dihedral only above an angle of 
attack of 70. The com@ete f irst  stage w a s  directionally unstable about the 
selected moment-reference center except f o r  small angles of attack a t  a Mach 
nuuiber of 3.0 where it was approximately neutrally stable. 
complete upper stages t o  the first stage caused a reduction i n  positive effec- 
t ive  dihedral and directional stabil i ty.  
t ionally unstable throughout the test Mach number and angle-of-attack range. 
Remuval of the propulsion package from the upper-stage configuration had a 

Increasing Mach nuniber 

The addition of the 

The complete launch vehicle was direc- 

influence on the directional s tabi l i ty  of the launch 

-DUCTION 

A research program i s  being conducted at  the NASA Langley Research Center 
t o  study some of the aerodynamic .problems associated with launch vehicles incor- 
porating reusable components. Results of investigations on models of horizontal 



ent tests were conducted t o  determine the l a t e ra l  aerodynamic characteristics of 
a conceptual horizontal-take-off reusable launch vehicle a t  Mach nuuibers from 
3.0 t o  6.0. 
namic separation characteristics for  t h i s  model a t  the same Mach numbers a s  
those for the present investigation are reported i n  references 1 and 2, respec- 
tively. Both l a t e ra l  and longitudinal aerodynamic characteristics a t  transonic 
and low supersonic speeds a re  reported i n  references 3 and 4, respectively. 

Longitudinal aerodynamic characteristics and longitudinal aerody- 

The complete launch vehicle consisted of a winged reusable first stage with 
a canard, a winged reusable second stage, and a third-stage winged reusable 
spacecraft with an expendable propulsion package for  in-orbit maneuvering. 
upper stages were arranged i n  tandem, and th i s  conibination was placed paral le l  
t o  the first stage. The first-stage canard was incorporated primarily t o  sat- 
i s fy  the control requirements of the first stage during i t s  reentry phase back 
into the sensible atmosphere. 

The 

All stages of the vehicle were conceived t o  employ rocket engines using 
liquid oxygen and hydrogen propellants during boost. 
assumed t o  u t i l i ze  turbojet engines a s  i t s  return propulsion system during 
subsonic f l igh t  while the second and spacecraft stages were considered t o  be 
glide return vehicles. 

The f irst  stage was 

The launch vehicle was designed t o  place a maximum of 20 000 pounds 
(9080 kg) of spacecraft into a l o w  earth orb i t .  
rocket powered and t o  perform a rapid pull-up, keeping the t o t a l  acceleration 
between 2.5g and 3.Og, i n  order t o  enter a ba l l i s t i c  trajectory and t o  mini- 
mize the gravity losses. 
6500 f p s  (1.9812 lun/s) a t  an alt i tude ofabout 230 000 feet  (70.104 km) , and 
the take-off wing loading w a s  assumed t o  be 120 lb/sq f t  (5.7456 N/$), based on 
to t a l  wing area. 

The vehicle was assumed t o  be 

Stage separation was estimated t o  occur a t  a speed of 

Tests were conducted on a 1/125-scale model i n  the 2-foot hypersonic faci l -  
i t y  a t  the Langley Research Center t o  investigate the la te ra l  aerodynamic char- 
acterist ics a t  Mach numbers of 3.0, 4.5, and 6.0, a t  angles of attack fro; 
approximately -40 t o  190, and generally a t  angles of sideslip of 0' and 5 . 
Reynolds numbers per foot (per 30.5 cm) over the Mach n W e r  range varied from 
approximately 1.0 x 106 t o  2.1 x 106. 

The 

SYMBOLS 

The units used for  the physical quantities i n  t h i s  paper are given i n  both 
U.S. Customary Units and the International System of Units (SI). 
relating the two systems are given i n  reference 8 and those used i n  the present 
study are presented i n  the appendix. 

Factors 

Lateral and directional force and moment coefficients are referred t o  the 
body axes. 
aerodynamic chord of the first-stage wing, a& was 7.480 inches (19.00 cm) 

The moment reference center i s  located a t  15 percent of the mean 
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forward of the model base in the stage separation plane. 
aerodynamic coefficients are based on the geometry of the wing of the first- 
stage reusable booster. 

(See fig. l(a).) All 

Rolling moment 
s a  CZ rolling-moment coefficient, 

Yawing moment 
clsb Cn yawing-moment coefficient , 

side-force coefficient, S,USQUC 
Cls CY 

ac effective-dihedral parameter, 2, per deg % 4 

directional-stability parameter, k, per deg nP as C 

N Y  side-force parameter, -, per deg' 
cyP ap 

M 

Pt 

Cl 

S 

Tt 

reference wing span, 0.800 ft (0.2438 m) 

aerodynamic chord, ft (m) 

reference mean aerodynamic chord, based on total wing area, 
0.733 ft (0.2234 m) 

free-stream Mach nurdber 

total pressure, atm (N/m2) 

free-stream dynamic pressure, lb/sq ft 

reference wing area, 0.440 sq ft 

total temperature, OR (OK) 

(N/m2) 

(0.041 m2) 

a 

P angle of sideslip, deg 

Component symbols: 

B fuselage, first o r  second stage 

W 

angle of attack (ref erred to stage- separation plane), deg 

wing, first o r  second stage 
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canard 

nacelles, first stage 

vertical fins, first or second stage 

maneuver propulsion package 

spacecraft with mounting pad 

DESCRIPTION OF MODEL 

The complete launch vehicle and its components are shown in figure 1. The 
launch vehicle consisted of a winged reusable first stage with a canard, a 
winged reusable second stage, and a winged third-stage reusable spacecraft with 
an expendable space-maneuvering propulsion package. The two upper stages were 
arranged in tandem, and this conibination was placed parallel to the first-stage 
reusable booster. 
photograghs of the model are shown in figure 2. 

Principal model dimensions are presented in table I, and 

First-Stage Reusable Booster 

The first-stage reusable booster consisted of a semicylindrical fuselage 
with an ogival forebody, a delta canard., and a delta wing with trapezoidal ver- 
tical fins mounted outboard on nacelles. The wing had TO0 of 
leading-edge sweep and was a symmetrical wedge to the 40-percent chord station 
with a constant 0.05~ maximum thickness rearward to the 0.85~ station. A wedge 
or boattail on the lower surface of the wing extended from 0.85~ to the wing 
trailing edge. The first-stage wing was flat on the upper 
surface rearward of the 40-percent chord station to allow mating with the 
second-stage wing. 
ment for a flat upper surface resulted in a wing dihedral angle of about % . 
The exposed area of the canard was approximately 7 percent of the total first- 
stage wing area, and the distance between 0.25: of the canard and 0.2% of the 
first-stage wing was 1.45 of the wing. 

(See fig. l(b).) 

(See fig. l(c).) 

The wing was set at an incidence angle of oO. The require- 
lo 

The first-stage vertical fins were located outboard at 2/3 of the wing 
semlspan and the total fin area, which was equally distributed above and below 
the wing, was approximately 15 percent of the total wing area. 
fins had a panel aspect ratio of 1.15 and a taper ratio of 0.5. 
were cylindrical with a parabolic nose and were considered to house the flyback 
engines which for these tests had plugged inlets. 
juncture between the first-stage wing and vertical fins. 

The vertical 
The nacelles 

The nacelles formed the 
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Second-Stage Reusable Booster 

The second-stage reusable booster consisted of a cylindrical fuselage and 
a trapezoidal wing with two outboard-mounted ver t ical  f ins  located a t  2/3 of 
the wing semispan. 
vertically from the center l ine of the second-stage fuselage t o  the upper sur- 
face of the first-stage fuselage. 

The fuselage incorporated a side fairing which extended 

The second-stage wing thickness was chosen t o  achieve a t o t a l  profile 
thickness of 0.0632 (based on the chord of the first-stage wing) when the first- 
and second-stage wings were mated. 

portion of the leading edge of t h i s  extension was removed to  form a constant 
leading-edge radius on the second-stage w i n g  identical t o  that of the  first- 
stage wing. 
the mated w i n g s  during launch. 
the first-stage ver t ical  fins, but only the upper element was employed. 

The forward 0 .40~  of the upper surface of 
A ' the second-stage wing formed a coplanar surface with the first-stage wing. 

The purpose of th i s  arrangement was t o  reduce the interference of 
The second-stage ver t ical  f ins  were similar t o  

Orbital Stage 

The orbi ta l  stage consisted of a spacecraft and a maneuver propulsion pack- 

The spacecraft w i n g  was unsymmetrical 
age. The spacecraft was a wing-body configuration with toed-in, wing-tip- 
mounted ver t ical  fins. 
w i t h  the camber adjacent t o  the spacecraft pad, and the span (including ver t i -  
cal  f ins)  was approximately equal t o  the width of the first-stage fuselage. A 
pad w a s  used t o  support the spacecraft on the launch vehicle. The maneuver 
propulsion package was an expendable rocket booster designed as  a short cylin- 
der with the same diameter a s  the second-stage fuselage and also incorporating 
the same type of side fairing as the second-stage fuselage. 
tested without the maneuver propulsion package, the spacecraft w a s  moved rear- 
ward t o  connect directly with the second-stage fuselage. 
considered t o  meet the requirement for  missions not needing appreciable in-orbit 
maneuvering. 

(See fig. l ( d ) . )  

When the model was  

This configuration is  

APPARATUS AND TESTS 

The t e s t s  were conducted in  the 2-foot hypersonic f ac i l i t y  a t  the Langley 
Research Center (described in  ref. 9) a t  nominal Mach numbers of 3.0, 4.5, and 
6.0, a t  angles of attack from approximately -4' t o  1g0, and generally a t  angles 
of  sideslip of 00 and 50. The t e s t  Reynolds number per foot (per 30.5 cm) var- 

6 6 ied from approximately 1.0 x 10 t o  2.1 X 10 . 
Stat ic  aerodynamic force and moment data were obtained by means of a six- 

component internally mounted strain-gage balance. A l l  data were obtained with 
the model surface smooth, and, at  the Reynolds numbers of these tes ts ,  laminar 
flow would be expected Over almost the entire model. The angles of attack and 
sideslip w e r e  corrected f o r  balance and sting deflection under load. 
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The average test conditions and Reynolds number variation during a typical 
launch trajectory for the complete vehicle and a typical flyback trajectory for 
the first stage are given in the following table: 

1 
~~ 

Reynolds number 
(based on overall length 

of vehicle) at - 

~ 6.0 
0 and 5.30 
0 and 5.15 
0 and 5.10 

Pt 

atm m/m2 OR OK Test Launch Flyback 

1.0 101 325 560 311 4.2 X lo6 7.0 x lo6 31 X lo6 
1.5 151 988 760 422 2.0 2.4 25 
3.4 344 505 760 422 2.2 1.6 9 

It is seen from this table that the Reynolds numbers for the launch trajectory 
are in close agreement to the test Reynolds numbers, but the Reynolds numbers 
for the flyback trajectory of the first stage are considerably higher. 

PRESENTAITION OF RESULTS 

The basic lateral aerodynamic characteristics are given in figures 3 to 5. 
Some results are summarized in figures 6 to 8. 
the data figures is as follows: 

Variation with angle of sideslip of lateral aerodynamic character- 

Variation with angle of attack of lateral aerodynamic character- 

An outline of the contents of 

Figure 

istics for complete first stage . . . . . . . . . . . . . . . . . . . .  3 

istics for: 
First stage with its several modifications . . . . . . . . . . . . . .  4 
Launchvehicle with effects of maneuver propulsion package . . . . . .  5 

Variation with angle of attack of lateral- and directional-stability 
and side-force parameters for complete first stage and complete 
launch vehicle . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 

side-force parameters at a = oO, 6O, and 12' for: 
First stage with its several modifications . . . . . . . . . . . . . .  7 
Launch vehicle with effects of maneuver propulsion package . . . . . .  8 

Variation with Mach number of lateral- and directional-stability and 

DISCUSSION OF RESULTS 

Ekcept where noted, the discussion indicates the important lateral aero- 
dynamic characteristics of the complete first stage and the complete launch 
vehicle. 

-9 
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First-Stage Reusable Booster 

Figure 3 shows that the basic l a t e r a l  aerodynamic character is t ics  f o r  the  
complete f irst  stage are essent ia l ly  l inear  with s ides l ip  angle ( a t  approxi- 
mately a = 5') between = -4' and +5O and t o  have only small deviations 
from l i n e a r i t y  f o r  the extreme sideslip-angle range. Figure 6(a) shows t h a t  
the complete f irst  stage had posit ive effective dihedral ( -CzB) throughout the 

posit ive angle-of-attack range a t  M = 3.0. Increasing the Mach number caused 
some decrease i n  the  posi t ive effect ive dihedral, and a t  M = 6.0 
first stage exhibited posit ive effect ive dihedral only above 

the complete 
a = 7O. 

Figures 4 and 7 demonstrate the component e f fec ts  on the f i r s t - s t age  reus- 
able booster. 
d r a l b u t  became less effect ive w i t h  increasing Mach number. 
nacelles and f i n s  caused l i t t l e  discernible change i n  

caused by the f i n s  and nacelles being symmetrical, with t h e i r  resul tant  center 
of pressure very near the ve r t i ca l  reference plane. 

The canard caused some increase i n  the posit ive effect ive dihe- 
Removal of t he  . This resu l t  i s  

c z B  

The complete first stage exhibited approximately neutral  direct ional  sta- 
f o r  angles of b i l i t y  about the selected moment reference o f  0.15E a t  M = 3.0 

a t tack  less than 6'. 
and throughout the angle-of-attack range a t  M = 4.5 and 6.0, the complete 
first stage w a s  d i rect ional ly  unstable. The canard increased direct ional  sta- 
b i l i t y  a t  the  higher angles of a t tack  a t  a l l  Mach numbers. 
Removal of the  f i n s  f romthe  complete f irst  stage caused the expected decrease 
i n  C 

(See f ig .  6(b).) A t  higher angles of a t tack f o r  M = 3.0 

(See f igs .  4 and 7.) 

A f i r s t -order  approximation of the e f f ec t s  of the f i n s  on and 

Cnp 
can be obtained by applying supersonic f l a t -p l a t e  theory 

w i t h  the appropriate t o t a l  f i n  area and moment arm. 

Launch Vehicle 

The addition of the  complete upper stages t o  the  complete f irst  stage 
caused some reductions i n  posit ive effective dihedral a t  a l l  tes t  Mach numbers. 
(See f ig .  6(a).) 
dihedral  of approximately 2' at M = 3.0 and approximately 1' a t  M = 6.0. 
Figure 6(a) a l s o  indicates  that  the complete launch vehicle had posit ive effec- 
t i v e  dihedral throughout the t e s t  Mach number range only above an angle-of- 
a t tack  of about 8'. 
effect  on C a t  a l l  t e s t  Mach numbers. (See f ig .  8.) 

This result amounted t o  an equivalent reduction i n  effect ive 

Removal of the maneuver propulsion package had l i t t l e  

28 
Figure 6(b) shows that the addition of the  complete upper stages t o  the 

complete first stage caused destabil izing increments i n  direct ional  s t a b i l i t y  
a t  a l l  t es t  Mach numbers. These destabil izing increments are caused by unfa- 
vorable side force ahead of the moment-reference center and a l so  a possible 
blanketing e f fec t  on the f i r s t - s tage  f i n s  by the upper stages. 
test  angles of attack, t h i s  destabil izing effect  was not as pronounced as it 

A t  the  highest 

-IIILLlc 7 



c 

was  a t  the lower angles of attack. 
a l l y  unstable a t  all tes t  Mach numbers. 
package (fig.  8) had a large favorable influence on s t a b i l i t y  resul t ing from 
the  reduction of a sizable amount of side force on t h i s  component ahead of t he  
moment reference center. 

The complete launch vehicle was direction- 
Removal of the maneuver propulsion 

SUMMARY OF RESULTS 

A n  Investigation was made i n  a 2-foot hypersonic f a c i l i t y  a t  the Langley 
Research Center of a multistage horizontal-take-off reusable launch vehicle. 
The l a t e r a l  aerodynamic character is t ics  of the f i r s t - s tage  reusable booster and 
the complete launch vehicle w i t h  some stage and component e f f ec t s  were deter- 
mined at  Mach numbers of 3.0, 4.5, and 6.0, at angles of a t tack from about -4' 
t o  lgO, and generally a t  angles of s ides l ip  of 0' and 5'. 
number per foot (per 30.5 cm) varied from approximately 1.0 x 10 t o  2.1 X lo6. 
The principal r e su l t s  may be summarized a s  follows: 

The tes t  Reynolds 
6 

1. The complete f i r s t  stage had posit ive effect ive dihedral throughout the 
Increasing Mach number posi t ive angle-of-attack range a t  a Mach number of 3.0.  

caused a decrease i n  effect ive dihedral, and a t  a Mach number of 6.0 the com- 
p le te  f i r s t  stage exhibited posit ive effect ive dihedral only above an angle of 
a t tack  of 70. 

2. The complete first stage w a s  d i rect ional ly  unstable about the selected 
moment-reference center except f o r  small angles of a t tack a t  a Mach number of 
3.0 where it was approximately neutral ly  stable.  

3 .  The addition of the complete upper stages t o  the complete first stage 
caused a reduction i n  posit ive effect ive dihedral and direct ional  s t a b i l i t y  at  
a l l  test  Mach numbers. The complete launch vehicle was direct ional ly  unstable 
throughout the  test Mach number and angle-of-attack ranges. 

4. Removal of the  propulsion package from the upper-stage configuration 
had a favorable influence on the  d i rec t iona l  s t a b i l i t y  of the launch vehicle. 

Langley Research Center, 
Nat iona l  Aeronautics and Space Administration, 

Langley Station, Hapton, Va., June 10, 1965. 
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CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 

Factors required for converting the U.S. Customary Units used herein to 
the International System of Units (SI) are given in the following table: 

Physical quantity 

Area 

Length 
Mass 

Pres sure 

Temperature 
Velocity 

U.S. 
Customary Unit 

Conversion 
factor 
(*) 

0.000645 
0.0929 
0.0254 
0.3048 
0.454 
101,325 
47.88026 

0.3048 
5/9  

SI unit 

meters2 (2) 
meters2 (m2) 
meters (m) 
meters (m) 
kilograms (kg) 
newtons/meter2 ( N/$) 
newtons/meter2 (a/m2) 
degrees Kelvin (OK) 
meters/second (m/s) 

%ultiply value given in U.S. Customary Unit by conversion factor 
to obtain equivalent value in SI unit. 

Prefixes to indicate multiples of units are as follows: 

Prefix Multiple 

centi 
kilo 
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TABW I.- GEOMETRIC DESIGN CHARACTERISTICS OF MODEL 

First stage . 
Fuselage : 
Length. in . (em) . . . . . . . . . . . . . . . . . . . .  
Equivalent base diameter. in . (cm) . . . . . . . . . . .  
Maximum height. in . (em) . . . . . . . . . . . . . . . .  
Nose radius. in . (cm) . . . . . . . . . . . . . . . . .  
Base area. sq in . (cm2) . . . . . . . . . . . . . . . .  
Total area. sq in . (cm2) . . . . . . . . . . . . . . . .  
Exposed area. sq in . (cm2) . . . . . . . . . . . . . . .  
span. in . (em) . . . . . . . . . . . . . . . . . . . . .  
Root chord. in . (em) . . . . . . . . . . . . . . . . . .  
Maximum thickness. percent chord . . . . . . . . . . . .  
Leading-edge sweep angle. deg . . . . . . . . . . . . . .  
Leading-edge radius. in . (cm) . . . . . . . . . . . . .  
Mean aerodynamic chord. in . (cm) . . . . . . . . . . . .  
Moment reference center. percent M.A.C. . . . . . . . .  
Moment reference center. in . from base . 
Area (exposed). sq in . (cm2) . . . . . . . . . . . . . .  
Height (exposed). in . (em) . . . . . . . . . . . . . . .  
Root chord. in . (em) . . . . . . . . . . . . . . . . . .  
Tip chord. in . (cm) . . . . . . . . . . . . . . . . . .  
Leading-edge sweep angle. deg . . . . . . . . . . . . . .  
Trailing-edge sweep angle. deg . . . . . . . . . . . . .  
Leading-edge radius. in . (em) . . . . . . . . . . . . .  
Length. in . (cm) . . . . . . . . . . . . . . . . . . . .  
Maximum diameter. in . (cm) . . . . . . . . . . . . . . .  
Fineness ratio . . . . . . . . . . . . . . . . . . . . .  
Nose radius. in . (em) . . . . . . . . . . . . . . . . .  
Total area. sq in . (cm?) . . . . . . . . . . . . . . . .  
Exposed area. sq in . (cm2) . . . . . . . . . . . . . . .  
Span. in . (em) . . . . . . . . . . . . . . . . . . . . .  
Root chord. in . (em) . . . . . . . . . . . . . . . . . .  
Tip chord. in . (em) . . . . . . . . . . . . . . . . . .  
Maximum thickness. percent chord . . . . . . . . . . . .  
Leading-edge sweep angle. deg . . . . . . . . . . . . . .  
Leading-edge radius. in . (cm) . . . . . . . . . . . . .  

Wing : 

(cm from base) 
Vertical fins: 

Wing nacelles: 

Canard : 

. 23.760 (60.35) . 2.304 (5.85) . 1.922 (4.88) . 0.096 (0.244) . 4.164 (26.86) 

63.360 (408.67) 
34.432 (222.09) . 9.600 (24.38) 

3.500 
70 . 0.024 (0.061) . 8.800 (22.35) 
15 . 7.480 (19.00) 

. 2.304 (14.86) 

1.332 (3-38) 

. 0.024 (0.061) 

. 0.376 (1.46) 

13.200 (33.53) 

. 2.664 1*152 t 2 0 g 3 )  6.77) 

60 
29.921 

. 3.982 (10.11) 

6.910 . 0.096 (0.244) 

. 12.804 (82.59) . 4.478 (28.88) . 4.320 (10.97) . 5.928 (15.06) 
0 
5 

70 . 0.024 (0.061) 

Second stage . 
Fuselage : 
Length. in . (cm) . . . . . . . . . . . . . . . . . . . . .  9.600 (24.38) 
Equivalent base diameter. in . (cm) . . . . . . . . . . . .  1.368 (3.47) 
Base area. sq in . (cm2) . . . . . . . . . . . . . . . . .  1.464 (9.44) . 11 
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TABU3 1.- GEOWRIC DESIGN CXARACTERISTICS OF MODEL . Concluded 

wing: 
Total area. sq in . (crt?) . . . . . . . . . . . . . . . .  27.072 (174.61) 
Exposed area. sq in . (cm2) . . . . . . . . . . . . . . .  18.612 (120.05) 
Span. in . (cm) . . . . . . . . . . . . . . . . . . . . . .  5.760 (14.63) 
Root chord. in . (cm) . . . . . . . . . . . . . . . . . . .  7.068 (17.95) 
T i p  chord. in . (cm) . . . . . . . . . . . . . . . . . . .  2.311 (5.87) 
Maximum thickness. percent chord . . . . . . . . . . . . .  2.800 
Leading-edge sweep angle. deg . . . . . . . . . . . . . . .  58 9 753 
Leading-edge radius. in . (cm) . . . . . . . . . . . . . .  0.024 K3 Mean aerodynamic cholcd. in . (cm) . . . . . . . . . . . . .  5.085 
Moment reference center. in . from base (cm from base) . . 7.480 (19.00) 

Vertical fins : 
Area (exposed). sq in . (cm2) . . . . . . . . . . . . . . .  2.276 (14.68) 
Height. in . (cm) . . . . . . . . . . . . . . . . . . . . .  1.249 (3.17) 
Root chord. in . (cm) . . . . . . . . . . . . . . . . . . .  2.580 
Tip chord. in . (cm) . . . . . . . . . . . . . . . . . . .  1.332 [;:$I 
Leading-edge sweep angle. aeg . . . . . . . . . . . . . . .  60 
Trailing-edge sweep angle. deg . . . . . . . . . . . . . .  29.921 
Leading-edge radius. in . (cm) . . . . . . . . . . . . . .  0.024 (0.061) 

Spacecraft . 
Fuselage : 
Length. including interstage. in . (cm) . . . . . . . . . .  
Diameter. in . (cm) . . . . . . . . . . . . . . . . . . . .  
Interstage base diameter. in . (cm) . . . . . . . . . . . .  
Interstage taper. included angle. deg . . . . . . . . . . .  
Length of nose cone. in . (cm) . . . . . . . . . . . . . .  
Nose cone included angle. deg . . . . . . . . . . . . . . .  
Nose radius. in . (cm) . . . . . . . . . . . . . . . . . .  
Total area. sq in . (cm2) . . . . . . . . . . . . . . . . .  
Ekposed area. sq in . (cm2) . . . . . . . . . . . . . . . .  
Root chord. in . (cm) . . . . . . . . . . . . . . . . . . .  
Tip chord. in . (cm) . . . . . . . . . . . . . . . . . . .  
Maximumthickness. percent chord . . . . . . . . . . . . .  
Leading-edge sweep angle. deg . . . . . . . . . . . . . . .  
Leading-edge radius. in . (cm) . . . . . . . . . . . . . .  
Wing nose radius. in . (cm) . . . . . . . . . . . . . . . .  
Area. sq in . (cm2) . . . . . . . . . . . . . . . . . . . .  
Height. in . (cm) . . . . . . . . . . . . . . . . . . . . .  
Root chord. in . (cm) . . . . . . . . . . . . . . . . . . .  
Tip chord. in . (cm) . . . . . . . . . . . . . . . . . . .  
Maximum thickness. percent chord . . . . . . . . . . . . .  
Leading-edge sweep angle. deg . . . . . . . . . . . . . . .  
Leading-edge radius. in . (cm) . . . . . . . . . . . . . .  
Lateral inclination angle. deg . . . . . . . . . . . . . .  
Length. in . (cm) . . . . . . . . . . . . . . . . . . . . .  
Muivdent circular diameter. in . (cm) . . . . . . . . . .  

wing: 

Span in . (an) . . . . . . . . . . . . . . . . . . . . . .  

Vertical fins : 

Maneuver propulsion package : 

6.048 (15.36) 
0.672 (1.71) 
1.280 (3.25) 

35.200 
0.857 (2.176) 

tc 

0.096 (0.246 

8.527 (55.00) 
5.347 (34.49) 
2.506 (6.37) 

5.296 (13.45) 
1.589 (4.04) 

5 
72.500 

0.024 0.061) 
0.096 t0.244) 

5 
55 

0.480 (1.22) 

0.024 (0.061) 
3 

2.880 (7.32) 
1.368 (3.47) 
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(a) First-stage wing-fuselage combination. L-63-6494 

(b) Complete first-stage reusable booster. 

Figure 2.- Photographs of mdel  configurations. 

L-65-6483 
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(c) Complete launch vehicle. L-63-6489 

(d) Launch vehicle without maneuver propulsion package. L-63-6481 

Figure 2.- Concluded. 
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1 1  First-stage vehicle 

Angle of sideslip, ,B, 

(a) Variation of rolling-moment coefficient with angle of sideslip. 

Figure 3.- Lateral aerodynamic characteristics for complete first stage. 
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(a) Variation of yawing-moment coefficient w i t h  angle of sideslip. 

Figure 3.- Continued. 



. 

(c) Variation of side-force coefficient with  angle of sideslip. 

Figure 3.- Concluded. 

21 
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First- stage vehicle 
o BW 
u BWC 
0 BW NF 

(a) Variation of rolling-moment coefficient with angle of attack. 

Figure 4. - Lateral aerodynamic charac te r i s t ics  for several  f i r s t - s tage  configurations. 
p = 0' and 5'. (Flagged symbols re fer  t o  p = 5O.) 
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Angle of attack,a,deg 

(b) Variation of yawing-moment coefficient with angle of attack. 

Figure 4.- Continued. 

23 



. 

Angle of attack ,a ,deg 

(c) Variation of side-force coefficient with angle of attack. 

Figure 4.- Concluded. 
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1' 

Launch vehicle 

Angle of attock,a,deg 

(a) Variation of rolling-moment coefficient with angle of attack. 

Figure 5.- Iateral aerodynamic characteristics for several launch-vehicle configurations. 
p - Oo and 5'. (Flagged symbols refer to 5O.) 
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Launch vehicle 
(First stage) (Upper stages) 
0 BWCNF 
0 BWCNF BWFMS 

* 

(b) Variation of yawing-moment coefficient with angle of attack. 

Figure 5.- Continued. 
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0 .  o o o ~ o ; ;  0. 0 0 0 .  0 0 0  0 0 0  .. 0 0  

0 . .  . 0. 0 0 0  0 
0 0 0 0  

0 0  e .  

0 . 0  
0 0.0 0.  

0 0  0.0 

Launch vehicle 

Angle of ottack,a,deg 

(c) Variation of side-force coefficient w i t h  angle of attack. 

Figure 5. - Concluded. 
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First stage Upper stages 
BWCNF 

---- BWCNF BWFMS 

,004 

cL 0 

--.004 

,004 
~ 

-- - - .. -' - __ 
0 

M ~6.00 
--.004 

-4 -2 0 2 4 6 8 IO 12 
Angle of attack p,deg 

(a) Variation of lateral-stability parameter with angle of attack. 

Figure 6.- Variation with angle of attack of lateral- a d  directional-stability and 
side-force parameters for complete first stage and complete launch vehicle. 
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First stage Upper stages 
BWCNF 
BWCNF BWFMS ---- 

0 

-.004 

-4 -2 0 2 4 6 8 IO 12 
Angle of attack,a,deg 

(b) Variation of directional-stability parameter with angle of attack. 

Figure 6.- Continued. 



First stage Upper stages 
BWCNF ---- BWCNF BWFMS 

0 

0.0 I 

-, 02 

0 

-.01 

7 0 2  - 
Angle of attack,u,deg 

(c) Variation of side-force parameter with angle of attack. 

Figure 6.- conchded. 
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